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silicon solar cell by its rear side is theoretically analyzed. Based on the excess minority carrier’s density,
the photocurrent density and photovoltage across the junction were determined. From both photocurrent
and the photovoltage, the series and shunt resistance expressions are deduced and the solar cell associ-
ated capacitance and conversion efficiency are calculated.
The aim of this study is to show the influence of the illumination wavelength on the electrical param-
eters of the cell and the behavior of both parasitic resistances and capacitance versus operating point.
 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
The knowledge of both microscopic and electrical parameters of
solar cell is of great importance in order to improve solar cell fab-
rication process and materials, leading to the higher conversion
efficiency. Various techniques [1,2] have been developed for that
purpose; particularly, previous work done by [3,4] have shown
that the behavior of silicon solar cells is dependent on the illumi-
nation wavelength. The purpose of this paper is to investigate
the influence of monochromatic illumination wavelength on the
electrical parameters of a vertical junction polycrystalline silicon
solar cell.Theory
Fig. 1 represents parallel vertical junction solar cells under
monochromatic light, in one dimensional model (Ox), where the
studied p-base1 interacts with the two adjacent emitters.
We present on Fig. 2 a unit cell of a vertical junction’s silicon
solar cell under various wavelengths. H is the base width, h is the
illumination incidence angle and x is the depth in the base.
Given that the contribution of the base to the photocurrent is
larger than that of the emitter [5] our analysis will only be devel-
oped in the base region (see Figs. 2 and 3).Taking into account the generation, recombination and diffu-
sion phenomena in the base, the equation governing the variation
of the minority carrier’s density d(x,y,z,t) under modulation fre-
quency [6–8] is:
DðxÞ  @
2dðx; h; tÞ
@x2
 dðx; h; tÞ
s
¼ Gðz; h; tÞ þ @dðx; h; tÞ
@t
ð1Þ
D(x) [9] and s are respectively, the excess minority carrier dif-
fusion constant and lifetime.
The excess minority carriers’ density can be written as:
dðx; tÞ ¼ dðxÞ expðjxtÞ ð2Þ
Carrier generation rate G(z,h,t) is given by:
Gðz; h; k; tÞ ¼ gðz; h; kÞ expðjxtÞ ð3Þ
where
gðz; h; kÞ ¼ aðkÞð1 RðkÞÞ  /ðkÞ  expðaðkÞ  zÞ  cosðhÞ ð4Þ
x is the base depth along x axis, x is the angular frequency, h is
the incidence angle, z the base depth according to the vertical axis;
Sf is the junction recombination velocity and k the illumination
wavelength.
If we replace Eq. (2) with Eq. (1), the temporary part is elimi-
nated and we obtain:
@2dðxÞ
@x2
 dðx; h; tÞ
LðxÞ2
¼  gðz; hÞ
DðxÞ ð5Þ
Fig. 1. Vertical parallel junction silicon solar cell.
Fig. 3. Minority carrier distribution in the base.
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dðx;x; h; z; Sf ; kÞ ¼ A cosh x
LðxÞ
 
þ B sinh x
LðxÞ
 
þ LðxÞ
2
DðxÞ
 aðkÞð1 RðkÞÞ  /ðkÞ  expðaðkÞ  zÞ  cosðhÞ ð6Þ
Coefficients A and B are determined through the following
boundary conditions [10]:
- at the junction (x = 0):
DðxÞ  @dðx;x; hÞ
@x

x¼0
¼ Sf  dðx;x; hÞjx¼0 ð7Þ
Sf is the excess minority carrier’s recombination velocity at each
junction [11].
- at the middle of the base (x = H/2) [12]:
DðxÞ  @dðx;x; hÞ
@x

x¼H2
¼ 0 ð8Þ
The excess minority carriers in the base will flow to the two
junctions by diffusion; the photocurrent density is given by the fol-
lowing expression:
JPh ¼ 2  q  DðxÞ 
@dðx;x; hÞ
@x

x¼0
ð9Þ
where q is the elementary charge.
Based on the excess minority carrier’s density, we can deter-
mine the photovoltage across the junction, according to the
Boltzmann relation, as inutile. The unit of cell can be represented
as two cells mounted in parallel, composed of half of the base
associated to emitter1 and 2. From Eq. (8) (see Fig. 3) each half
of the base will act as ideal back surface field (recombination
velocity at H/2 remained zero).
The photovoltage across the junction, according to the
Boltzmann relation, is obtained as:
VPh ¼ VT  ln 1þ Nbn20
 dð0Þ
 
ð10ÞFig. 2. Unit cell of a vertical parallel junction silicon solar cell.with VT the thermal voltage, Nb the base doping density, ni the
intrinsic carriers’ density.
The series and shunt resistances are given by the relations (10)
and (11) [13–19]:
Rsðx; h; z; Sf ; kÞ ¼ Vco  Vphðx; h; z; Sf ; kÞ
Jphðx; h; z; Sf ; kÞ
ð11Þ
Rshðx; h; z; Sf ; kÞ ¼ Vphðx; h; z; Sf ; kÞ
Jcc  Jphðx; h; z; Sf ; kÞ
ð12Þ
The charge variation in the base leads to a corresponding pho-
tovoltage variation across the junction; this gives rise to an associ-
ated capacitance. This capacitance is mainly due to the fixed
ionized charge (dark capacitance) at the junction boundaries and
the diffusion process (diffusion capacitance) [19–26]. The solar
cell’s capacitance can be defined by:
C ¼ dQ
dV
ð13Þ
with
Q ¼ qdðxÞjx¼0 ð14Þ
Given the photovoltage expression (Eq. (10), the capacitance
can be rewritten as:
Cðx; h; z; Sf ; kÞ ¼ q
VT
 n
2
i
Nb
þ dð0Þ
 
ð15Þ
long wavelengths (λ > 0.5 μm )
Fig. 5. Series resistance versus junction recombination velocity for various wave-
lengths. L = 0.0001 cm, D = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm, z = 0.0001 cm. 1:
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[19,27–34]:
gðx; h; z; kÞ ¼ Pmaxðx; h; z; kÞ
Pinc
ð16Þ
Pmax is the maximum output power for a given operating condi-
tion and Pin is the incident power.
Simulation results and discussion
We present in this section the simulation results obtained from
all the above equations.
Series and shunt resistances
Solar cell, as simulated by essentially one-dimensional models,
is assumed to show a homogeneous current flow across the whole
area, both under illumination and in the dark. In the traditional
interpretation of I–V characteristics of solar cells all nonlinear cur-
rents belonged to the cell, and only ohmic current paths across the
n+-p junction have been attributed to parasitic resistances. These
parasitic resistances are the series and shunt resistances.
The profile of series resistance is shown on Figs. 4 and 5 respec-
tively for short (k 6 0.5 lm) and long wavelengths (k > 0.5 lm).
As can be easily seen in these figures for the long wavelengths,
series resistance increases with the wavelength while for short
wavelengths it is the opposite which is observed (see Figs. 4 and
5). Figs. 5 and 6 present the solar cell shunt resistance versus junc-
tion recombination velocity respectively for short (k 6 0.5 lm) and
long wavelengths (k > 0.5 lm).
Taking into account the thickness of the solar cell along z axis,
short wavelengths generate more carriers in the base thus decreas-
ing the dynamic resistivity of the base and thus series resistance. It
is the opposite phenomenon in the long wavelength range. For the
shunt resistance, we have the following profiles:
Shunt resistance always increases with the junction recombina-
tion velocity but its behavior with the wavelength depends on the
considered wavelength range. In the range of short wavelengths
(k 6 0.5 lm) shunt resistance decreases when the wavelength
increases; for the long wavelengths (k > 0.5 lm), it is the contraryshort wavelengths (λ ≤ 0.5 μm)
Fig. 4. Series resistance versus junction recombination velocity for various wave-
lengths. L0 = 0.0001 cm, D0 = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm, z = 0.0001 cm. 1:
k = 0.44 lm; 2: k = 0.46 lm; 3: k = 0.48 lm; 4: k = 0.50 lm.effect which is observed. The evolution of shunt resistance with the
wavelength is directly related to the absorption coefficient (pene-
tration depth) and to the thickness of the solar cell (see Fig. 7).
We want to illustrate now the effect of illumination wavelength
on the behavior of the solar cell capacitance.
Capacitance
Figs. 8 and 9 present the solar cell capacitance versus junction
recombination velocity respectively for short (k 6 0.5 lm) and long
wavelengths (k > 0.5 lm).
The study of the diffusion capacitance of the solar cell depends
strongly on the variation of the absorption coefficient a(k) for a
given thickness z. Short wavelengths are absorbed near the inci-
dent surface generating more carriers. The excess generated carri-
ers are blocked near the junction in open circuit condition (Sf = 0)0 0
k = 0.58 lm; 2: k = 0.60 lm; 3: k = 0.62 lm; 4: k = 0.64 lm.
short wavelengths (λ ≤ 0.5 μm)
Fig. 6. Shunt resistance versus junction recombination velocity for various wave-
lengths. L0 = 0.0001 cm, D0 = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm, z = 0.0001 cm. 1:
k = 0.44 lm; 2: k = 0.46 lm; 3: k = 0.48 lm; 4: k = 0.50 lm.
long wavelengths (λ > 0.5 μm )
Fig. 7. Shunt resistance versus junction recombination velocity for various wave-
lengths. L0 = 0.0001 cm, D0 = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm, z = 0.0001 cm. 1:
k = 0.58 lm; 2: k = 0.60 lm; 3: k = 0.62 lm; 4: k = 0.64 lm.
short wavelengths (λ ≤ 0.5 μm)
Fig. 8. Capacitance versus junction recombination velocity (logarithmic scale) for
various wavelengths. L0 = 0.0001 cm, D0 = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm,
z = 0.0001 cm. 1: k = 0.44 lm; 2: k = 0.46 lm; 3: k = 0.48 lm; 4: k = 0.50 lm.
long wavelengths (λ > 0.5 μm )
Fig. 9. Capacitance versus junction recombination velocity (logarithmic scale) for
various wavelengths. L0 = 0.0001 cm, D0 = 26 cm2/s, Sf = 3.103 cm/s, H = 0.03 cm,
z = 0.0001 cm. 1: k = 0.58 lm; 2: k = 0.60 lm; 3: k = 0.62 lm; 4: k = 0.64 lm.
Fig. 10. Conversion efficiency versus wavelength. L0 = 0.02 cm, D0 = 26 cm2/s.
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(large Sf), the carriers flow across the junction and lead to a low
value of capacitance.
With short wavelengths, we have more generation for not very
thick solar cells and thus more carrier’s generation; with the car-
rier’s generation, the diffusion phenomenon takes place and the
capacitance of the solar cell (mainly diffusion capacitance)
increases consequently. It is the opposite phenomenon for long
wavelengths.
Conversion efficiency
The conversion efficiency is the fraction of incident power con-
verted into electric power.
The photovoltaic conversion efficiency is presented versus illu-
mination wavelength in Fig. 10.
It makes it possible to know the effectiveness of the photo-
voltaic cell in the process of energy transformation.
For a given wavelength, the power depends on the photon flux.
The dependence according to the wavelength is marked by theconsidered wavelength range, as explained above: increase of the
conversion efficiency with the wavelength in the case of short
wavelengths and contrary effect with long wavelengths.
Conclusion
In this paper, we have developed a physical model which
enables us to simulate the behavior of the vertical parallel junction
solar cell. In our model, we considered only the contribution of the
base. Electrical parameters such as series resistance and shunt
resistances, diffusion capacitance and the photovoltaic conversion
efficiency were then determined and computed versus the junction
recombination velocity, for various wavelengths.
Our computed results have shown that the performance of solar
cell is better in the short wavelengths range and conversion effi-
ciency reaches about 32%.
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